This paper is concerned with the simulation of the unsteady turbulent flow and the aerodynamic tonal noise due to pressure fluctuations on the casing wall. Three-dimensional numerical simulations of the complete unsteady flow on the whole impeller-volute configuration were carried out using computational fluid dynamics (CFD) techniques. Pressure fluctuations on the casing wall were obtained, and the blade passing frequency (BPF) component was extracted to be modeled as the dipole source term of the wave equation. In a companion paper, the pressure fluctuations served as the external excitation to the casing vibration. Multi-domain direct boundary element method (BEM) was used to simulate the noise radiation with two domains representing the interior and exterior fields of the volute respectively, in order to take account of the sound scattering effect by the volute casing. Results showed that the dipole on the volute tongue surface was the most dominant noise source of the fan. Slopingedge volute tongue was introduced to reduce BPF noise radiation through phase cancellation between the dipole sources over the volute tongue.
first approach plausible, direct extension of current CFD technology to CAA requires addressing several technical difficulties in the prediction of both the sound generation and its transmission [13] . Therefore, the hybrid approach, mainly CFD plus acoustic analogy (embodied in Ffowcs Williams-Hawkings (FW-H) equation) and Kirchhoff method, is widely employed in engineering aeroacoustic problems. One of the advantages the FW-H approach over the Kirchhoff method is that it has physical meaning, which is helpful in understanding the noise generation [5] . In this study the acoustic analogy approach was employed.
Neise [18] summarized that the primary causes of aerodynamic fan noise were the unsteady forces on the blades and the casing generated by their interaction with the turbulent flow. Velarde-Suárez et al. [22] experimentally studied dipole sources of a centrifugal fan and concluded that the main source of aerodynamic tonal noise generation was the interaction between the non-uniform impeller flow and the fixed volute. According to the investigation, the location of the effective noise is restricted to the vicinity of the volute tongue. Liu et al [11] numerically studied the dipole sources and quadrupole source of a centrifugal fan by integrating the FW-H equation in time domain using free-field Green function of the wave equation, and one of the conclusions was that the dipoles distributed over the volute tongue surface were the dominant sound source. Direct time integration of FW-H equation ignoring the present of the volute casing, i.e. without taking the casing scattering effect into account, could also be found in Refs. [3] and [25] . Cai et al. [6] studied both the tonal casing noise and blade noise of the same fan as in Ref. [11] , and found that 1) the blade noise was smaller than the casing noise especially at large flow rates; 2) the presence of the casing could greatly affect sound propagation.
The configuration of the volute tongue and its gap with the impeller (cutoff clearance) are very sensitive parameters to both the aerodynamic performance and tonal noise characteristics. Therefore, many studies on the volute tongue have been carried out. Xu et al. [26] numerically simulated the internal flows in a centrifugal compressor, and found that the round tongue produces better performance than the sharp tongue. Jeon [9] calculated the flow field of an impeller near a wedge in order to simulate the noise generation mechanism due to the interaction between the cutoff and the rotating impeller. The effects of design parameters, the rotating velocity, the cutoff clearance and the number of blades of the impeller, on the noise of the fan were investigated. It was found that the most important factor for the noise of the centrifugal fan is the cutoff clearance. Velarde-Suárez et al. [23] successfully reduced the tonal noise of a centrifugal fan without reducing the fan operating range by slight modification of the volute tongue geometry. Dong et al. [7] extensively measured the flow patterns near the volute tongue of a centrifugal pump with different tongues, and found that with appropriate cutoff clearance and curvature of the tongue configuration it could substantially reduce the impact of nonuniform outflux from the impeller (mostly the jet/wake phenomenon) on the flow around the tongue and noise. Using sloping-edge volute tongue (skewed cutoff) proved to be a very efficient way to reduce the tonal noise of centrifugal turbomachinery. The principle is to reduce the BPF noise by local cancellation of the pressure fluctuations excited at the volute tongue. The phase cancellation between the sources can substantially reduce the sound radiation efficiency. This idea was firstly proposed by Lyons et al. [12] and Embleton [8] at almost the same time, and was summarized by Neise [17, 18] . Recently, Qi et al. [19] experimentally studied the noise reduction of a centrifugal fan combining sloping-edge volute tongue with different hut-volute clearance, and large tonal noise reduction was found in their study. This paper tried to build an acoustic model of tonal casing aerodynamic noise including the sound source terms and its propagation. The contents of this paper were organized as follows. 1) Sound pressure spectra of the original fan and the fan with skewed cutoff were presented at different flow rates. The BPF components were predominant over other frequencies; 2) Numerical simulations of the transient internal flow fields of the fans were carried out. Special attention was paid on the flow patterns around the volute tongue in order to look inside the flow interaction Study of the Tonal Casing Noise of a Centrifugal Fan at the Blade Passing Frequency. Part I. Aeroacoustics between the impeller and the volute; 3) BPF components of pressure fluctuations on the volute casing was extracted and modeled as the acoustic dipole sources. The dipole around the volute tongue was the predominant contributor to the BPF fan noise. Comparison between the dipole phaase distributions around the original straight cutoff and the skewed cutoff revealed the BPF noise reduction mechanism, i.e. phase cancellation. Sound propagation was simulated by the Multi-domain direct boundary element method (MD-DBEM) with two DBEM acoustic models representing the interior and exterior sound fields inside and outside of the volute casing. The casing scattering effect on the incident sound wave was taken into account by regarding the casing as a rigid body.
DESCRIPTION AND NOISE SPECTRA OF THE FAN
The centrifugal fan works at a rotating speed of 2900 rpm with 12 forward curved blades driven by a 3.0 kW AC motor. It consists of a shrouded impeller, a rotating vaneless diffuser and a volute. The blades are made of flat sheet metal. The main dimensions in millimeters of the impeller wheel are shown in Fig.1 . The wheel tip circumferential velocity is u 2 =69.85 m/s. Fig.2 shows the schematic of the volute casing. The only difference between the original volute and the modified volute with the skewed cutoff locates on the volute tongue region, and is shown in Fig.3 . To the original volute, the cutoff clearance is 10 mm, i.e. 2.2% of the wheel diameter, while the cutoff clearance is 28.9 mm to the sloping-edge tongue, which is 6.3% of the wheel diameter. Bleier [4] suggests the cutoff clearance of 5 to 10 percent of the wheel diameter for a compromise between prevention of recirculation of the bypassing air and quiet operation.
The sound pressure levels (SPL) measurement was conducted in a hemi-anechoic room according to "China Standards GB/T 2888-91: Methods of noise measurement for fans, blowers, compressors and roots blowers". A PCB 377A02 1/2in microphone was placed at 1m to the fan exit and 45°off the center line of the outlet pipe. The signals from the microphone were amplified by a PCB 426D01 preamplifier, and were converted into digital signals in data acquisition card LMS SCADASIII 305. The data were finally analyzed in LMS Test.Lab. LMS Test.Lab is a complete solution for test-based engineering combining high-speed multichannel data acquisition with a suite of integrated testing, analysis, and report generation tools. More detailed technical parameters of the test equipment could found in Ref. [19] . Fig.4 show the 1/24 octave spectrogram of the SPLs at three different flow rates, i.e. the best efficiency point (BEP), 1.3×BEP and 1.8×BEP. From Fig.4 , one can see the BPF components protrude in the noise spectra of the original fan, and are the most important contributor to the fan noise. But to the skewed cutoff fan, the BPF component is only pronounced at 1.8×BEP flow rate, not so noticeable at 1.3×BEP, and almost unperceivable at BEP. This phenomenon will be interpreted in the following section, where unsteady internal flow was simulated. 
SIMULATIONS OF INTERNAL FLOWS
CFD technology has been proven to be a very useful tool in the analysis of the internal flow of turbomachinery both in design and performance prediction, and widely employed in simulating the fully 3-D unsteady flow in centrifugal turbomachinery [3, 10, 14, 16] . It can present detailed flow information which is difficult to obtain through experimental measurements. In this paper, three dimensional numerical simulations of the complete unsteady flow on the whole impeller-volute configuration were carried out using the CFD code ANSYS CFX. The characteristic Mach number described by the wheel tip circumferential velocity is u 2 /c=0.205 (<0.3), therefore the flow was assumed to be incompressible. Thus, the continuity equation (1) and the momentum equation (2) could be solved independently of the energy equation:
(1) (2) where V , r, b , p and m are fluid velocity, density, body force, pressure and dynamic viscosity respectively, and t denotes time. The rate-of-deformation tensor of fluid is defined as (3) Due to the low pressure rise, we further regarded the flow as isothermal. Since the flow in the centrifugal fan is typically three-dimensional turbulent, it is appropriate to solve the unsteady Reynolds averaged Navier-Stokes equations (URANS) economically without loss of resolving the main characteristics of flow fields such as mean pressure fluctuations. Ayer et al. [1] , Reese et al. [20] and Tournour et al. [21] pointed out that by solving unsteady RANS together with the turbulence model it can provide adequate unsteady flow information to predict the tonal noise of fans, but Large Eddy Simulation (LES) should be employed when predicting broadband noise. For the three dimensional calculations, structured hexahedral cells were used to define the inlet zone, the impeller and the volute, with a total of 1,597,262 and 1,958,378 cells for the origin fan and skewed cutoff fan, respectively. Fewer hexahedral elements are required than tretrahedral elements to resolve physics for most CFD applications. The gaps between the impeller and the casing on both the shroud and hub side were simulated. Total pressure inlet condition (1 atm) was applied to simulate drawing air from ambient. Different mass flow rates were applied at the outlet according to different operating conditions. The turbulence characteristics of the flow were modeled by the standard k-e equations. The scalable wall-function was used to describe the near wall velocity. A second order high resolution discretization of advection terms was applied, and the transient terms were approximated by a second order backward Euler scheme. The sliding mesh technique was applied to the interfaces in order to allow the unsteady interactions between the impeller and the volute. The RMS residue was lower than 10 -4 .
The CFD simulation process began with a steady flow calculation using the frozen-rotor approach. In this case, the relative position of the impeller and the casing does not change during the calculation. The results of the steady simulation served as the initial condition for the unsteady calculation. In unsteady simulation, the grids change their relative positions during the calculation according to the angular velocity of the impeller. A complete impeller revolution was divided into 512 time steps, i.e., each time step spanning 60/2900/512=4.041e-5s. The chosen time step is related to the rotational speed of the impeller and it is small enough to get the necessary time resolution and to capture the phenomena of the pressure fluctuations. A total of 1024 time steps were sampled when the numerical calculation became stable after several impeller revolutions.
Jian-Cheng CAI, Da-Tong QI , Fu-An LU and Xuan-Feng Wen Due to the larger tongue clearance of the skewed cutoff, the best performance efficiency (calculated by the ratio of the total pressure rise achieved by the fluid to the power supplied to the impeller) dropped slightly, from 0.726 to 0.715. There was a compromise between the performance and noise reduction by increasing the cutoff clearance [4, 17] . Figures 5 and 6 show the instantaneous relative velocity vectors in the impeller and the absolute ones in the volute at the midspan of the casing at two different flow rates, i.e. BEP, and 1.8×BEP, respectively. The impeller locates at the same azimuth angle in Figs.5 and 6 . The evolution of the absolute velocity is viewed in a fixed frame, while the evolution of the relative velocity is viewed by an observer attached to the impeller. It can be easily recognized the jet/wake pattern, high meridional flow velocity at the pressure side and low one at the suction side. Jet/wake flow structure is the marked pattern in centrifugal turbomachinery, and its interaction with the diffuser vanes or the volute is believed to be the major contribution to the tonal noise [7, 16] . Increase of the flow rate results in the larger radial velocities, and this lead to a high incidence on the volute tongue. Vortex was found near the impeller outlet at the suction side of the original fan at both flow rates and of the skewed cutoff fan at BEP flow rate, while the flow structure in the impeller at 1.8×BEP flow rate is quite smooth. The reason might be ascribed to the potential interactions of the impeller and the volute. To the original fan, the potential effect was remarkable when the impeller trailing edges pass in front of the volute tongue due to the small cutoff clearance. This affected the flow structure inside the impeller, and generated vortexes near the suction sides because the velocity was small there. The cutoff gap of the sloping-edge tongue was large resulting in relativly small potential effect, therefore at large flow rates the vortexes disappeared. Another phenomenon happened in slopingedge tongue was that the airflow tended to gather in the larger curvature radius side, i.e. the front casing side, see Fig.3(b) . This would lead to the larger pressure fluctuations at this side, as shown in the following section. Jian-Cheng CAI, Da-Tong QI , Fu-An LU and Xuan-Feng Wen A pressure monitoring point was set at the volute tongue, see Fig.3 , and the probed pressure fluctuation evolutions are shown in Fig.7 . The impeller located at the same azimuth angle at the initial time step of the pressure fluctuation curves. One could observe that for different flow rates the pressure wave crests lie on different time steps, i.e. different relative circumferential location of the impeller with the volute casing. There are usually 12 wave crests and troughs in one complete revolution, i.e. the pressure fluctuations have the BPF as the primary frequency. The amplitude of pressure fluctuations became larger as the flow rate increased. Yet at the BEP flow rate of the skewed-cutoff fan, there were no 12 waves in one impeller revolution; the BPF fluctuations were substantially subdued. This was ascribed to the larger cutoff clearance and the sloped edge of the volute tongue: the interaction between the flow leaving the impeller and the volute tongue was suppressed efficiently. This was the reason why there was no noticeable BPF component in the sound spectra, see Fig.4(b) . The pressure fluctuations served as the dipole sources and the radiated sound fields were studied in the following section.
SIMULATION OF TONAL CASING AERODYNAMIC NOISE
A typical problem in aeroacoustics is the prediction of the noise generated by an unsteady flow in a propagating medium. Instead of considering acoustical waves as part of the complete flow field and solving the full set of equations of Gas Dynamics, the acoustic analogy theory replaces the actual problem by an equivalent problem of acoustic radiation in a medium at rest with equivalent acoustic sources. This approach splits the aeroacoustic simulation problem in two steps:
Solve the turbulent flow with the CFD methods. Based on the flow information provided by the CFD codes, define equivalent sources and take into account the noise radiation with a computational acoustics method.
The main limitation of the acoustic analogy is the implicit assumption of oneway coupling from flow to acoustics, i.e., the unsteady flow generates sound and modifies its propagation, but the sound waves do not affect the flow in any significant way. Thus, the principal application of the acoustic analogy lies in flows at low fluctuating Mach numbers. Time-accurate turbulence simulation tools such as DNS, LES and URANS methods can be used to compute the space-time history of the flow field, from which acoustic sources are extracted. At low Mach numbers, incompressible flow solutions can be adequate for approximating acoustic source terms [24] .
FW-H equation, embodying the acoustic analogy theory, is given by (4) where p' and c are sound pressure and speed of sound, and t and x i denote time and space coordinates, respectively. d(f) is the Delta function indicating the location of body surface, and n j is the direction cosine of the outward (from the body) normal to the surface. The first term on the right hand, containing the Lighthill's stress tensor is the quadrupole source. The second is the dipole source, localized on the body surface (thanks to the presence of d(f)), and contains the quantity p ij n j , which is the normal force exerted by the body on the fluid (p ij =(p-p 0 )d ij -τ ij , τ ij is the fluid viscous stress tensor.). The last term is the monopole source, which is also located only on the body surface. v j n j is the body normal velocity into the fluid, this term therefore corresponds to noise being generated by the unsteady injection of volume into the fluid by the body motion. Only the dipole source was taken in account in this study because of the low Mach number flow of the fan. Due to the high Reynolds number, p ij reduces to (pp 0 )d ij . Therefore, after Fourier transform, equation (4) 
where k is the wave number, defined as k=w/c. To stationary body such as the volute casing, this leads to the following free-field radiation equation:
where is the radiated pressure and (7) is the flow pressure on the boundary, constituting the surface dipole source boundary condition. G(r 0 ,r s ) is the free-field Green function to the frequencydomain wave equation, defined by:
The multi-domain direct boundary element method (MD-DBEM) was used to calculate the casing noise radiation. The acoustic pressure and the normal velocity constitute the primary variables for the direct boundary element method. Continuity of acoustic pressure and the normal particle velocity is enforced at the interfaces of each sub-domain BEM model. Two models were constructed, one for the acoustic interior problem and one for the exterior problem of the casing. These two models are coupled together at the openings, i.e. the inlet and outlet. The scattering effect on the incident sound wave by the casing was taken into account through considering the casing as a rigid body, i.e. the normal particle velocity is zero on its surface. The total sound pressure field was separated into its components, the incident and scattered fields. The incident fields were obtained by equation (6), and on the other hand by definition of v n_inc , we had:
on the casing boundary. The following homogeneous problem, i.e. without sources, is then solved to obtain the scattered pressure p′ sca :
and (11) on the casing boundary. Because of the linearity of the equations and of the boundary conditions, it was clear that the total sound pressure fields p′ tot :
Jian-Cheng CAI, Da-Tong QI , Fu-An LU and Xuan-Feng Wen (12) is such that the normal velocity vanishes on the casing surface. Thus the casing rigid boundary is enforced, and the sound generated by interior surface dipole source can only transmit to the exterior model through the inlet and outlet openings of the fan. The acoustic BEM mesh was coarser than the CFD surface mesh. According the commonly applied rule of thumb to use six (linear) elements per wavelength, the maximum frequency, for which the discretization of the acoustic mesh is valid, is 2656Hz and 3042Hz for the two different BEM acoustic models of casings with the straight and skewed cutoff, respectively. Therefore, the meshes of both acoustic models are fine enough for the BPF (580Hz) harmonic acoustic analysis. It should be noted that the number of boundary elements being necessary for numeric calculations depends on the error measure as well as on the desired accuracy. For more detailed discussion of the influence of mesh sizes and mesh types on the accuracy of BEM acoustics, one could refer to Ref. [15] . An interpolation of pressure from the CFD results to acoustic mesh was carried out. Fast Fourier transform (FFT) was performed to the temporal pressure fluctuations to obtain the BPF component. Fig.8 shows the BPF dipole source distributions on the casing inner surface at 1.8×BEP flow rate. One can see the dipole strength around the volute tongue is much larger than other places, i.e. the dipoles distributed over the volute tongue surface are the dominant sound source of the casing noise. The places near the impeller outlet also have intensive dipole source. This is ascribed to the strong interaction of the incoming air from the rotating impellor with the stationary casing. With the increase of flow rate, the pressure fluctuations on the casing wall rise rapidly. This phenomenon is especially obvious on the volute tongue surface. The BPF component pressure fluctuation (dipole strength) around the skewed cutoff at the front side was larger than the original cutoff at large flow rates. This was ascribed to the confluence of airflow due to the larger curvature radius at this side. A spherical acoustic field mesh, whose radius was one meter to the center of the volute, was constructed in the exterior domain in order to calculate the radiated sound power passing through it and to view the sound pressure distribution. Fig.9 shows the surface pressure distribution on the exterior casing surface at BEP flow rate, and Fig.10 shows its sound pressure on the spherical field mesh. It can be seen that at this flow rate, the interior casing noise mainly transmits exterior through the casing inlet opening. Therefore, field places exposed to the inlet opening suffer large sound pressures. The calculated sound power and the maximum sound pressure on the spherical field mesh are shown in Table I . One can see that with the increase of flow rate, the radiated sound power rises drastically, and skewed-cutoff can greatly reduced the BPF noise radiation at flow rates around BEP. It's rather confusing that at large flow rates although the dipole strength of the skewed-cutoff casing was larger than the original casing, the radiated sound power was smaller. With careful examination of the phase distribution of the dipole sources around the volute tongue, one could find the cause: to the original straight cutoff the dipole sources were almost in phase. The phases were around 0 degrees; to the skewed cutoff many dipole sources were out of phase with some were around 0 degrees while others were around -180 degrees. This helped to reduce the radiation efficiency greatly. Jian-Cheng CAI, Da-Tong QI , Fu-An LU and Xuan-Feng Wen Surface pressure distribution at BEP Figure 10 . Sound pressure distribution at BEP
CONCLUSIONS
Three-dimensional unsteady flows in a centrifugal fan were studied using URANS approach. Special attention was paid to the interaction between the impeller and volute near the volute tongue. The jet/wake flow structure, which is believed to be the main cause of the tonal noise in centrifugal turbomachinery, was captured.
The time series of pressure fluctuations on the casing wall was sampled. FFT was performed on these pressure fluctuations to extract the BPF components which were modeled as aeroacoustic dipole sources. The dipole strength became more intensive as the flow rate rose. The dipole on the volute tongue surface was the most dominant noise source of the fan. The multi-domain direct boundary element method was used to simulate the noise radiation. The scattering effect of the casing on the sound field was taken into account in simulating the sound propagation by regarding it as a rigid body, and the sound inside the casing could only propagate to the exterior through the casing inlet and outlet openings.
The tonal noise reduction mechanism by using sloping-edge cutoff, i.e. the phase cancellation between the dipole sources, was disclosed clearly by comparing with dipole distributions over the straight volute tongue. Skewed cutoff and appropriate cutoff clearance were efficient means to reduce the tonal noise of centrifugal fans, especially at flow rates around the best efficiency point: The BPF pressure fluctuations on the volute tongue were subdued effectively.
